in nanocrystals elaborated at high temperature, resulting from the oxidation of Ce 3+ during the crystallization process.
Introduction
Y 3 Al 5 O 12 (YAG) crystal has been widely studied at the macroscopic scale for its high chemical stability, its robustness against radiation (optical and ionizing) and its ability to incorporate luminescent lanthanide ions for the development of optically active materials: bulk single-crystals for solid-state lasers, 1 large transparent ceramics for high-power lasers, 2, 3 single-crystal bers for optical amplication, 4 etc. At the nanoscale, the enthusiasm for this material started nearly 20 years ago 5 and remains very strong as rare-earth doped YAG nanoparticles have promising properties for numerous applications: nanoprobes in biology (as luminescent tracers with Ce 3+ -doped YAG, 6 as nanothermometers with Nd 3+ -or Dy 3+ -doped YAG 7, 8 ) and nanophosphors for LED-based white lighting (Ce 3+ or Tb 3+ -doped YAG 9, 10 ). All these applications require a strong control of the YAG crystal quality to ensure efficient optical properties, as well as a good size control with a targeted size in the 50-100 nm range. Indeed, this size range is oen considered as a good size compromise for lanthanide-doped luminescent nanoparticles, [11] [12] [13] allowing minimizing surface effects and optimizing light absorption while preserving a sub-micrometer size, essential for biophotonics and for light-scattering control in solid-state lighting devices. Indeed, in white LEDs, the use of such luminescent nanocrystals, coupled with nanostructured semi-conductors, should allow optimizing phosphor absorption and light extraction, enhancing the external efficiency of the whole device.
YAG is a garnet-type crystal, crystallizing in the Ia 3d space group. Typical high-temperature solid-state chemical route (5 h at 1500 C) leads to the formation of micron-sized YAG powder.
14 If the reaction temperature is too low, YAG crystallization remains incomplete and leads to the formation of other phases of the pseudo-binary Y 2 O 3 -Al 2 O 3 diagram such as YAlO 3 and Y 4 Al 2 O 9 .
15 Considering these relatively harsh conditions, the synthesis of pure nanometer-sized YAG particles is not straightforward. Among the different synthesis techniques reported in the literature, most of them (sol-gel, combustion, coprecipitation, etc.) require a post-synthesis heat-treatment to induce YAG crystallization and obtain pure YAG phase. 16, 17 However, it also induces particle sintering, leading to micrometer-sized particles, which cannot be easily welldispersed in a medium.
Solvothermal processes, consisting in a wet chemical route under mild temperature and high pressure conditions (sub-or supercritical conditions of the selected solvent), appear to be a very promising technique for the synthesis of nanomaterials. 18, 19 In the specic case of YAG synthesis, a sub-critical route, rst reported by Inoue et al., 5 has been used to large extent and has demonstrated its capability to produce nanometer-sized YAG particles dispersible in an aqueous or alcoholic medium. Obtaining stable colloidal solutions is a strong advantage of this technique with respect to the others, as it produces individual YAG nanocrystals that can be (1) used as nanoprobes for any further development in biology and (2) shaped as nanostructured lms 20, 21 or as scattering-control nanoceramics to obtain enhanced light extraction in solidstate lighting devices.
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In the literature, most reported solvothermal syntheses use commercial autoclaves operating at a maximal temperature of 300 C with an autogenous pressure, which builds up as the precursor and solvent decomposition happens. Consequently, the reaction occurs under a non-stationary state (pressure increasing up to 60-70 bar upon reaction time) that is detrimental for the nucleation and growth control. Indeed, under these conditions, the size and crystal quality control is highly difficult: the as-grown nanocrystals oen present a large polydispersity in size and are described as poorly crystalline, with most of the particles being polycrystalline, rising from the aggregation of primary grains. [23] [24] [25] As a result, the optical properties of the obtained particles remain much poorer than those of their micron-size equivalent. In the case of cerium doping, the luminescence internal quantum yield (iQY) of the nanoparticles is around 15-20% aer a solvothermal synthesis, 26, 27 whereas it reaches 80% in micron-sized powders.
14 Several strategies have been studied to improve particle crystallinity and associated optical efficiency of YAG nanocrystals. Pradal et al. performed post-synthesis annealing treatments on Ce-doped YAG nanoparticles obtained by solvothermal synthesis.
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They show that the crystallinity improvement comes together with sintering, at annealing temperatures higher than 800 C. It leads to enhanced iQY (from 15% to 40%) but also to the impossibility to redisperse the aggregated particles. Another strategy, used by A. Revaux et al., consists in performing an annealing treatment at 1000 C of YAG nanoparticles previously dispersed into a silica matrix to avoid their aggregation and sintering. 28 In this case, the silica matrix was removed aer the thermal treatment by a hydrouoric acid (HF) washing and the resulting YAG particles, stable in aqueous suspension, exhibited an improved crystallinity associated to a signicantly higher iQY (55%). Though efficient, this multi-step process is highly time-consuming and cannot be scaled up due to the use of harmful HF. A more recent method consists in decreasing the precursor concentration and lengthening the reaction time to control more accurately nucleation and growth processes. It successfully produces wellcrystallized small nanocrystals (18 AE 5 nm in diam.). 29 Although the crystal quality was improved, the iQY did not exceed 25%, probably due to surface traps, numerous at this particle size. Due to temperature and pressure limitations of the commercial autoclave used in that study, larger particles could not be produced. Note that the optical efficiency of Ce-doped YAG nanocrystals could be improved through surface coating of particles, without modifying the crystal quality. For instance, R. Kasuya et al. succeeded in increasing the iQY for 21% to 38% by graing PEG (polyethylene glycol) groups at the surface of YAG nanoparticles. 26 However, in this case, only surface defects are removed, leaving the volume defects unchanged.
In this paper, we propose a new solvothermal method under sub-critical conditions to produce well-crystallized individual Ce 3+ -doped YAG nanocrystals. We target a crystal size in the 50-100 nm range, which is appropriate to optimize PL while controlling light scattering. The originality of our work, based on the use of a home-made autoclave, lies in two features: (1) the in situ PL and X-ray absorption spectroscopy characterizations, which allow to get a better understanding and control of the nucleation and growth processes, an essential step to master particle size and morphology 30 (2) the accessible broad range of thermodynamical factors (pressure and temperature). We explored several synthesis conditions (temperature, pressure, precursor concentrations and reaction time) and discuss the relationship between these reaction conditions and particle size, morphology and optical properties. 31 This autoclave was initially developed for in situ Raman and X-ray spectroscopies for the study of multi-phasic systems under high pressure and high temperature. 32 Here, not only in situ photoluminescence (PL) measurements were carried out under high pressure/ temperature but the synthesized powder was retrieved for further characterizations. The pressure, controlled by a He gas ux, was rst increased up to the set value; then, the temperature was increased. Various synthesis conditions were explored: temperature ranging from 300 C to 400 C, xed external pressure set from 60 to 400 bar and reaction time from 1 to 8 h. The small volume of the autoclave presents the advantage of a rapid heating ramp, with the targeted temperature being reached in less than 10 minutes, which is essential to generate a nucleation burst. In return, only a small volume of solution can be processed (typically 0.5 mL), leading to little quantity of synthesized YAG powder (between 2 and 8 mg according to the precursor concentrations). Aer the syntheses, the products were retrieved and washed several times with ethanol by successive centrifugations (7000 rpm, 5 min). For solutionbased analyses, the nanocrystals were kept in ethanol and sonicated in an ultra-sound bath to ensure good dispersion. Typically, colloidal solutions with a concentration of 10 g L
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were obtained. For powder-based characterizations, the nanocrystals were dried in air at room temperature. 34 the coherence length was calculated. As it takes slightly different values according to the considered diffraction peaks, the one reported hereaer has been calculated using the more intense diffraction peak at 2q ¼ 33. 3 .
Samples were also characterized by Transmission Electron Microscopy (TEM, Philips CM300) performed at 300 kV equipped with a TemCam F416 TVIPS camera. The sample preparation consisted in evaporating droplets of nanoparticles strongly dispersed in ethanol onto carbon grids. For sake of clarity, in the following, the word "nanocrystals" will be used to dene individual nano-objects. When these nanocrystals do aggregate, we will speak about "aggregates". Nanocrystal size and their size polydispersity, were extracted from size histograms obtained by analyzing over 100 individual nanocrystals (aggregates were not considered) per sample using ImageJ soware.
35 Nanocrystal quality was evaluated by observing their atomic planes at high magnication, as well as by correlating the nanocrystal size (determined by TEM) and the coherence length (obtained from PXRD). Energy-dispersive X-ray (EDX, Brüker SDD) analysis was performed on the different samples to determine their chemical composition.
During nano-YAG syntheses, in situ X-ray Absorption Near Edge Spectroscopy (XANES) experiments were performed in high energy resolution uorescence-detected (HERFD) mode at the Fame-UHD beamline of the European Synchrotron Radiation Facility (ESRF Grenoble) at the L3 edge of cerium. The photon energy was scanned from 5.68 keV to 5.85 keV using a Si(220) double-crystal monochromator. A helium bag was used between the autoclave, the crystal analyzer spectrometer and the detector to avoid partial beam absorption by the air. The signal was recorded with a ve-Ge(331) crystal analyzer and a Vortex-Ex detector. The beam size was 300 Â 100 mm 2 (horizontal Â vertical FWHM). The energy calibration was done using the CeO 2 spectrum. The same autoclave as the one described above for the synthesis of nano-YAG was used, the only difference being here the use of a glass-like carbon cell and two glass-like carbon pistons (instead of a sapphire cell and one sapphire piston) and the Be windows. 36 The experimental data were analyzed using the Demeter soware. 
Optical characterizations
In situ PL was recorded during the solvothermal syntheses through the optical sapphire windows of the autoclave. The excitation was performed at 514.5 nm with an Ar laser (P ¼ 4 mW). The detection was carried out using a liquid nitrogen cooled CCD camera equipped with a T64000 Raman spectrometer. The details of this setup are given in ref. 32 .
PL emission and PL excitation spectroscopic studies of ex situ YAG:Ce colloidal solutions were investigated using a Safas Xenius spectrouorometer, at room temperature.
The iQY was measured using a Hamamatsu integrating sphere under a 460 nm excitation and considering the whole emission range (500-700 nm).
PL decays were recorded on YAG:Ce powders using a 444 nm pulsed laser. The emission was selected above 500 nm by a high pass lter and further collected and amplied by a photomultiplier. The signal was then histogrammed using a multichannel counter with a resolution of 800 ps.
Results and discussion
Elaboration of pure YAG:Ce phase
According to XRD, garnet-type YAG phase was obtained, whatever the synthesis conditions. A typical PXRD pattern is shown on Fig. 1 , with its Le Bail t. No crystallized impurity was detected by XRD. The background at low incident angles comes from the scattering of the direct beam and is the result of the low quantity of powder used for the analysis. For all synthesized samples, the coherence length was determined from Le Bail ts of PXRD patterns. It will be systematically compared with the nanocrystal size determined by TEM to evaluate their single-crystal quality. The unit cell parameter a is worth 12.020 AE 0.005Å for small YAG:Ce, which is consistent with the value obtained in micronsized powder (12.012Å
14
). However, for larger YAG:Ce particles ($100 nm and higher), the unit cell increases (12.080 AE 0.005Å), which suggests the presence of internal strains. This feature will be discussed hereaer (see paragraph 3.5).
Inuence of the reaction pressure on YAG nucleation step
The inuence of reaction pressure was investigated during the rst steps of YAG crystallization by monitoring in situ PL emission over time during the solvothermal synthesis. The reaction temperature was set at 350 C, just above the one used in previous studies (300 C However, one can notice a decrease of PL over time. We attribute this decrease to changes in terms of scattering rate of the solution, which makes difficult quantitative PL measurements. Hence, only the evolution of PL at short reaction time, when the solution remains transparent, is further considered.
From Fig. 2b , the higher the external pressure, the faster the PL intensity increases. This can be explained through a faster YAG:Ce nucleation. It correlates well with the density dependence with pressure: the higher the pressure, the higher the density, favouring the interactions between species and thus the crystallization of YAG. Hence, a high external pressure favours a single burst of YAG nucleation and thus allows decoupling nucleation and growth processes: rapid nucleation followed by a second step of the growth of nuclei.
For this set of experiments, the total synthesis duration was set at 150 min. Post-synthesis TEM characterization was performed on the different samples. TEM images (Fig. 3) compare the morphology of YAG nanoparticles for the synthesis at P ¼ 200 bar and at P ¼ 400 bar. When the reaction pressure was xed at 200 bar, mostly individual nanocrystals can be observed (some of them are circled in yellow in Fig. 3a) . For synthesis performed at 400 bar, nanocrystals (also circled in yellow in Fig. 3b ) are strongly aggregated, forming large aggregates (circled in white dashed line). The presence of smaller nanocrystals for the synthesis at 400 bar is consistent with the strong nucleation burst (Fig. 2b) , creating numerous nuclei leading to smaller particles. Meanwhile, the much stronger aggregation of the nanocrystals is explained by the higher density of the medium where the reaction took place, favouring particle aggregation. Consequently, as a compromise between favouring a nucleation burst and limiting the aggregation state, a reaction pressure of 200 bar is suitable. In the following of the study, all the syntheses will be done at P ¼ 200 bar.
Nano-YAG:Ce size and morphology as a function of the synthesis temperature
The inuence of the synthesis temperature onto YAG:Ce morphology was studied while the pressure was kept at 200 bar, the aluminium concentration was 0.09 mol L À1 with a reaction time of t ¼ 150 min. As shown on Fig. 4 (a-c), particle size drastically changes with the synthesis temperature. For a reaction at 300 C, very small elongated nanocrystals (6 nm in diameter, pointed by the arrow on Fig. 4a ) can be observed, gathering into much larger aggregates, circled in the inset of Fig. 4a . This morphology is very close to that observed for syntheses in commercial autoclaves operating at 300 C.
9,29,38
The nanocrystal size distribution (Fig. S1 †) , determined without taking into account the aggregates, is very narrow, between 1 and 10 nm. When the synthesis temperature is set at 350 C, the size of YAG nanocrystals increases (average size $23 nm, with higher polydispersity). These nanocrystals are less prone to agglomeration although aggregates are still observed, circled on Fig. 4b . When the synthesis temperature is set at 400 C, mostly individual YAG:Ce single nanocrystals are observed (Fig. 4c) . They present an average size of 47 AE 15 nm. From Fig. S1 , † the nanocrystal size distribution broadens as the nanocrystal size increases. This size evolution with temperature is consistent as the growth process, driven either by species diffusion or by surface reactivity, is temperature-dependent and thus activated with temperature.
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The evolution of nanocrystal size (determined from TEM images) and of the coherence length (calculated from Scherrer's formula using PXRD patterns) is reported in Fig. 4d as a function of the synthesis temperature. In the sample synthesized at 300 C, the coherence length is much larger than the nanocrystal size. This discrepancy conrms the self-oriented aggregation mechanism of primary particles (small nanocrystals Fig. 4a and b) as previously encountered, which is favoured by the YAG cubic structure. 29, 40 For the sample synthesized at 350 C, the difference between nanocrystal size and coherence length signicantly decreases but remains. It can be explained by the persistence of some self-oriented aggregates that contribute to increase the coherence length. Finally, the rather good agreement between nanocrystal size and coherence length for the sample synthesized at 400 C indicates that single nanocrystals are obtained, which is consistent with the TEM observations of well-isolated nanocrystals (Fig. 4c) .
One can note that the TEM contrast is not homogeneous within a nanocrystal (inset, Fig. 4c ), suggesting the presence of a porosity, resulting in a sponge-like shape. This morphology can be explained by a growth mechanism involving coalescence of small primary particles to form larger nanocrystals, resulting in the encapsulation of voids. 41 This coalescence of the initial small nanocrystals is promoted by the self-oriented aggregation mechanism of primary particles. Indeed, the relative crystallographic orientation between aggregated grains is of primary importance for their coalescence as the surface energy associated with grain boundaries depends on grain-grain misorientation. 42 Indeed, a low degree of grain-grain misorientation is associated with a low grain boundary energy, thus favouring coalescence.
Nano-YAG:Ce size and morphology as a function of precursor concentrations
The morphology of YAG:Ce nanoparticles has been studied through the modication of aluminium and yttrium precursor concentrations ( Fig. 5 and S2 †) . As a reference, only the aluminium isopropoxide concentration is indicated, knowing that the reaction stoichiometry is kept. The other parameters, temperature, pressure and reaction time, remain constant (Fig. 5b , also corresponding to Fig. 4b ) while more individual nanocrystals can be observed. As the precursor concentration keeps on increasing, the nanocrystal size increases (Fig. 5c-e) and the formation of aggregates disappears. 
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The evolution of nanocrystal size and coherence length as a function of the precursor concentration is reported in Fig. 5f . For [Al] ¼ 0.09 mol L À1 , as explained in the previous paragraph, the coherence length is slightly larger than the nanocrystal size, indicating the presence of self-oriented aggregates, which is consistent with TEM observations (Fig. 5b) . Rather good agreement between coherence length and nanocrystal size is observed for [Al] ¼ 0.13 and 0.18 mol L À1 , evidencing the singlecrystal character of the nanocrystals. For the highest concentration, the coherence length appears smaller than the nanocrystal size. This discrepancy can be explained by the intrinsic instrumental broadening of the diffractometer, which does not allow measuring coherence length larger than 100 nm. This lead to underestimated coherence length values. For these nanocrystals ([Al] ¼ 0.27 mol L À1 ), TEM images at high magnication show atomic planes up to the particle edges, conrming the high crystal quality of these well-isolated nanocrystals (Fig. S3 †) . These evolutions with precursor concentrations can be understood by considering the relative prominence of nucleation and growth mechanisms. At low concentration, the nucleation step is predominant inducing a lot of small aggregated nanocrystals: only a single burst of nucleation happens through the precipitation reaction of the formation of YAG phase, followed by a negligible growth mechanism as the precursors were essentially consumed during nucleation. At higher concentrations, the nanocrystal growth is signicantly enhanced. This growth by diffusion and self-oriented aggregation and coalescence of primary particles 43 leads to the gradual disappearance of aggregates and to larger and individual nanocrystals of high quality, as conrmed by the good agreement between their size and coherence length and TEM characterizations. . For the rst reaction conditions, some TEM images are presented in Fig. 6a-d . At short reaction time, small nanocrystals can be observed, mainly forming aggregates (circled in white), due to a predominant nucleation step. As the reaction time is lengthened, the number of aggregates diminishes at the benet of individual nanocrystals exhibiting a larger size, as the nanocrystal growth is signicantly enhanced (Fig. 6c and d and S4 †) . From Fig. 6e , the longer the reaction time, the better the agreement between the nanocrystal size and the coherence length, indicating a reduction of the number of aggregates over time at the benet of individual well-crystallized nanocrystals. For reaction time of 300 and 480 min, the nanocrystal size and the coherence length are in good agreement and corroborate the TEM images: mainly individual nanocrystals are observed, with faceted edges, indicating their high crystal quality. This evolution with time can be explained by the nanocrystal growth through primary particle coalescence, involving also the Ostwald ripening process at long reaction times: the largest nanocrystals continue to grow for longer reaction times at the expense of smaller particles, less stable, exhibiting a higher solubility, which tend thus to disappear.
When the synthesis is performed at higher temperature and concentration (T ¼ 400
, the nanocrystal size is much larger (Fig. 7a and b) . For a 300 min reaction time, the average particle size is around 50 nm, with lots of individual nanocrystals. Some of the nanocrystals are faceted, highlighting their single-crystal character. However, some nanocrystals are aggregated in a self-oriented manner (Fig. S5 †) , which explains why the coherence length is slightly larger than the nanocrystal size (Fig. 7c) . From these TEM images (Fig. S5 †) , nanocrystal sintering can be observed, with the formation of grain boundaries. For a 480 min reaction time, well-crystallized YAG:Ce nanocrystals were obtained, presenting an average diameter of about 100 nm with a relatively narrow size distribution (AE20 nm) (Fig. 7b and S6 †) . The high crystal quality of these crystals is conrmed by high-resolution TEM observations (Fig. 7c) and the very good agreement between the coherence length and the nanocrystal size (Fig. 7d) . A summary of all explored synthesis conditions and of the corresponding nanocrystal morphology has been added in ESI (Table S1 †) . Through the optimization and the control of various synthesis parameters (temperature, pressure, precursor concentration, reaction time), well-crystallized individual nanocrystals could be obtained using our new solvothermal method:
-30 nm nanocrystals (Fig. 6d , -100 nm nanocrystals (Fig. 7b, T 
It is worth noting that, although the 30 nm nanocrystals exhibit a unit cell parameter of a ¼ 12.020 AE 0.005Å, very close to the one of bulk YAG:Ce (12.012Å 14 ), the 100 nm nanocrystals have a much larger unit cell parameter (a ¼ 12.080 AE 0.005Å, measured by Le Bail t of PXRD pattern). This result suggests the presence of internal strains within the 100 nm nanocrystals. The origin of these internal strains can be caused by the coalescence of several grains to form larger nanocrystals, in good agreement with the crystal growth mechanism of self-oriented aggregation and coalescence of primary particles.
Characterization of the doping concentration
The nominal composition of all studied samples is Y 2.955 Ce 0.045 Al 5 O 12 , corresponding to a 1.5 mol% Ce doping concentration. At this low concentration and taking into account the internal strains within the particles, it is not possible to the Vegard's law to deduce the exact cerium concentration. EDX analysis, performed in the TEM, allows to get the chemical composition of the samples. In all studied samples, the Ce/(Ce + Y) ratio is worth between 0.012 and 0.015, indicating that a very large majority of the cerium ions initially introduced in the are incorporated into YAG nanoparticles.
Optical properties of nano-YAG:Ce
The study of PL properties of nano-YAG:Ce were performed on powdered samples. Typical PL emission and PL excitation (PLE) spectra are presented on Fig. 8a . All the samples show similar spectra with the typical features of Ce 3+ ions in the YAG matrix, with the broad emission band peaking at 550 nm, corresponding to the allowed electric dipole 5d / 4f transition of Ce
3+
.
Typical PL decays are represented on Fig. 8b , with their associated bi-exponential ts. The t gives two characteristic lifetimes: s 1 corresponding to a rapid decay and s 2 at longer time. However, from the t (and more specically the A 2 prefactor), it is found that this s 2 value accounts for less than 1% of the total decay. Thus, in the following, we will only report and discuss the values of s 1 (Fig. 9a-c) .
In most nano-YAG:Ce samples, the excited state lifetime s 1 is longer than in bulk YAG:Ce (s ¼ 65 ns, represented by a dashed line in Fig. 9a-c) . This is commonly observed in nanometersized materials as the radiative lifetime is affected by the dielectric environment.
44,45 The interpretation of s 1 values as a function of the synthesis conditions is not simple as nonradiative lifetime (s NR ) and radiative lifetime (s R ) vary in an antagonist manner: when particles become smaller, s R is lengthened due to dielectric effects 45 while s NR is shortened due to the increase of surface defect proportion. However, one can notice some trends according to different synthesis parameters (Fig. 9a-c) . In nano-YAG:Ce synthesized at 300 C, s 1 is worth 62 AE 5 ns (Fig. 9a) . According to the TEM images (Fig. 4a) , YAG:Ce nanocrystals are very small ($6 nm in diameter). Hence the radiative lifetime should be much longer than in bulk, as obtained by M. Odziomek et al. 21 So this expected increase of s 1 is counterbalanced by an enhanced effect of s NR due to strong non-radiative de-excitations associated to surfaces defects and the poor crystal quality of nanoparticles (Fig. 4a) . Thus, the value of s 1 (62 ns) evidences strong non-radiative de-excitations. When particles are synthesized at higher temperatures, s 1 increases (Fig. 9a) , indicating that the non-radiative deexcitations are less likely, in good agreement with the improvement of crystal quality of nano-YAG:Ce. Between a synthesis at 350 C and 400 C, s 1 goes from 120 ns to 100 ns, suggesting a reduction of s R because of size increase. The fit is performed using a bi-exponential decay:
Similar trend is observed for the syntheses performed at different precursor concentration (Fig. 9b) (Fig. 5a ). In this case, the non-radiative de-excitations are favoured, leading to a short s 1 ($65 ns, Fig. 9b ). At higher value of precursor concentration ([Al] ¼ 0.09 mol L À1 ), s 1 is signicantly increased, corresponding to an improved crystallinity as well as an increased nanocrystal size.
As [Al] is further increased, s 1 decreases. This trend can be explained by the fact that YAG nanocrystals enlarge, leading to a reduction of s R (through the increase of the radiative index). Finally, a similar argument can be given to explain the evolution of s 1 as a function of the reaction time (Fig. 9c) .
A better way to discuss the evolution of s 1 is to look at the evolution of s 1 as a function of the nanocrystal size (Fig. 9d) . For small nanocrystals (size < 12 nm), s 1 is around 65 ns due to strong non radiative de-excitations. For larger particles (25 nm), longer s 1 is measured (130 ns) due to the lengthening of the radiative index s rad because of the refractive index inuence. As the nanocrystal size increases (>25 nm), s 1 decreases down to a value which corresponds to the bulk value. From Fig. 9d , the region of inuence of the dielectric medium (the air in our case) is situated around 100-150 nm. In previous studies, 46, 47 it is comprise between 60 and 80 nm. The difference can be explained by the porosity of our nanocrystals, due to the selforiented aggregation and coalescence (Fig. 4c, 6c and 7) . Such porosity leads to a lower effective refractive index.
The internal quantum yield (iQY) of the 100 nm YAG:Ce nanocrystals was measured to be 40 AE 5%. This value is signicantly higher than most of the values reported for asmade YAG:Ce nanophosphors ($20%). 25, 27 However, in spite of the high crystal quality of the particles (Fig. 7b and c) , it remains about twice lower than in bulk YAG:Ce (80%). Several reasons could explain this difference of optical efficiency between YAG nanocrystals and bulk:
(1) The presence of punctual defects within the nanocrystals. The solvothermal synthesis process, occurring off thermodynamic equilibrium, may induce the formation of these defects.
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(2) The difference of cerium distribution within the materials. Indeed, in bulk or micropowders of YAG doped with a few mol% Ce 3+ , the annealing process favours the homogeneous distribution of Ce ions within the crystal network.
14 In our nanocrystals, due to the burst of nucleation and the nanocrystal sintering, it is likely that the Ce distribution is less uniform, with Ce aggregation being favoured at the grain boundaries. 49, 50 This would lead to the formation of Ce clusters that could induce luminescence quenching through energy transfers between Ce ions (Ce-Ce cross relaxations), favouring non-radiative de-excitations and inducing iQY decrease. Such segregation would be consistent with the large unit cell parameter measured by Le Bail t of PXRD in these nanocrystals. Further studies, involving high-resolution scanning TEM analysis, would be required to conrm this suggestion. 14 In nanocrystals, Ce 3+ ions could get oxidized during the solvothermal synthesis. To conrm this hypothesis, we performed in situ XANES experiments during the modied-solvothermal synthesis.
X-ray absorption spectroscopy of nano-YAG:Ce
Although it is important to optimize the iQY of YAG:Ce nanocrystals, it is also essential to maximize the concentration of Ce 3+ within the material to enhance its absorption and ensure high PL efficiency, while avoiding the problem of Ce quenching. In bulk YAG, the maximal Ce 3+ concentration is known to be only 3 mol% due to the unit cell rigidity. 14 It is thus important that all cerium ions remain in their 3+ valence state, Ce 4+ ions being optically silent. For this, bulk and micropowder of YAG:Ce undergo thermal annealing treatments under reducing atmosphere (typically Ar/H 2 ) to force cerium ions into their 3+ state.
14 In nanocrystals, it is known that surface Ce 3+ get oxidized into Ce 4+ under strong illumination, 25, 28 or upon postannealing treatment in air. 27 However, thermal annealing cannot be applied to avoid uncontrolled nanocrystal coalescence. The question is whether Ce 3+ oxidation occurs during the solvothermal process. To answer it, we performed in situ XANES experiments during the modied-solvothermal syntheses. Fig. 10 shows the experimental in situ XANES spectra as a function of the synthesis temperature, as well as their corresponding ts based on the linear combination of standards for Ce 3+ . The Ce 3+ oxidation in the reaction medium can be understood by considering the species in solution: rst, it is likely that there is some oxygen gas dissolved in the 1,4-butanediol, 54 which thus contributes to the Ce 3+ / Ce 4+ oxidation; second it has been shown that the 1,4-butanediol solvent dehydrates above 250 C to form tetrahydrofuran and water. 55 Water is likely to favours Ce 3+ oxidation, and thus even more than the temperature is high as the oxidation power of water increases with temperature.
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We demonstrated, for the rst time to our knowledge, that the cerium oxidation process occurs during the solvothermal synthesis. Under these reaction conditions, there is a trade-off between the high crystal quality, requiring high synthesis temperature (Fig. 4) , and the preservation of cerium ions in their 3+ oxidation state, requiring a lower synthesis temperature (Fig. 10) .
Conclusions
Thanks to this new solvothermal method combining high temperature and high pressure, well-crystallized individual YAG:Ce nanocrystals were prepared. Indeed, the correlations between several synthesis parameters (pressure, temperature, precursor concentration, reaction time) and in situ PL and structural characterizations allowed to obtain a good control of YAG nanocrystallization conditions: a single burst of nucleation followed by the slow growth of nanocrystals through diffusion, involving the Ostwald ripening mechanisms for long reaction times, but also coalescence mechanism of primary particles favoured by self-oriented aggregation. Thus, nanocrystals of the targeted size ($100 nm), considered as optimal for numerous applications (biophotonics, solid-state lighting), were produced with a narrow size distribution. Thanks to their high crystal quality, these 100 nm YAG:Ce nanocrystals present, without further heat-treatment, a PL iQY of 40%, which is better than most of the already-reported works. Through in situ XANES experiments, we showed that an increase of the synthesis temperature favours Ce 3+ oxidation into Ce 4+ , which thus reduces the absorption and emission capacity of nanocrystals. Further work, involving a reducing atmosphere, should be envisioned to force cerium ions to remain in their 3+ state. This study not only provides a new solvothermal method to obtain size-controlled YAG:Ce nanocrystals with high crystal quality but also paves the way to the development of other garnet-type nanocrystals. 57 In addition, the possibility of measuring in situ PL and X-ray absorption during the nanocrystallization opens the door to a better control of the nucleation/growth process of nanomaterials and to the possibility of a direct optimization of their physical properties.
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